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Phase Shift Mask, Fabrication Method thereo f, and Fabricati on 
Method of Se miconductor Apparatus 

TECHNICAL FIELD 

The present invention relates to a phase shift mask for 
use in a lithography process for forming a circuit pattern 
of a semiconductor apparatus, a fabrication method thereof, 
and a f abricationmethod of a semiconductor apparatus including 
the lithography process, and more particularly, to a phase 
shift mask adaptable to so-called extreme ultraviolet 
radiation, a fabrication method thereof, and a fabrication 
method of a semiconductor apparatus . 



BACKGROUND ART 

In recent years, with a micro-miniaturization of a 
semiconductor apparatus, a minimization of a pattern width 
(a line width) and an inter-pattern pitch, etc. have been 
required for a circuit pattern formed on a wafer and a resist 
pattern, etc. for forming the circuit pattern. Such 
requirement for the above minimization is satisfied by further 
shortening a wavelength of an ultraviolet light for use in 
an exposure of a resist. As the micro-miniaturization of the 
semiconductor apparatus has advanced, the ultraviolet light 
for use in the exposure has also required a shorter wavelength 
such as to apply a wavelength of 365 nm to a semiconductor 
apparatus of 350 nm in design rule, a wavelength of 248 nm 
to semiconductor apparatuses of 250 nm, and 180 nm in design 
rule and a wavelength of 193 nm to semiconductor apparatuses 
of 130 nm and 100 nm in design rule, for instance, leading 
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to a use of an ultraviolet light having a further shorter 
wavelength down to 157 run. 

It is generally known that a resolution based on these 
wavelengths is expressed with a Rayleigh's formula in terms 
5 of w = kl x (A,/NA) , where w is a resolved pattern of a minimum 
width, NA is a numerical aperture of an optical projection 
lens, and A, is a wavelength of an exposure light- Further, 
kl is a process coefficient determined mainly depending on 
a resist performance and a selected resolution enhanced 

10 technology, etc., and it is known that the use of an optimum 
resist and an optimum resolution enhanced technology enables 
a selection of kl to an extent of about 0.35. Incidentally, 
the resolution enhanced technology is intended to obtain a 
pattern smaller than a wavelength using selectively ± first 

15 order diffracted light contained in a light having been 
diffracted with a shielding pattern on a mask after a 
transmission through the mask. 

According to the Rayleigh's formula, it may be 
appreciated that a minimum pattern width w adaptable to the 

20 use of the wavelength of 157 nm, for instance, reaches 61 nm, 
provided that a lens having NA of 0.9 is applied. That is, 
it is necessary to use an ultraviolet light having a wavelength 
shorter than 157 nm to obtain a pattern width smaller than 
61 nm. 

25 For the above reason, an examination has been made 

recently on the use of an ultraviolet light called an extreme 
ultraviolet (EUV: Extreme Ultra Violet) radiation having a 
wavelength of 13.5 nm as the ultraviolet light having the 
shorter wavelength than 157 nm. However, a 

30 light-transmitting material such as CaF 2 (Calcium Fluoride) 
and Si02 (Silicon Dioxide), for instance, is available for 
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the ultraviolet light having the wavelength down to 157 nm, 
so that it is possible to fabricate a mask and an optical system 
that configured to transmit the above extreme ultraviolet 
radiation. On the contrary, as for the extreme ultraviolet 
5 radiation having the wavelength of 13 . 5 nm, there is no material 
that allows the above extreme ultraviolet radiation to be 
transmitted through a desired thickness- Thus, when the 
ultraviolet light having the wavelength of 13.5 nm is used, 
it is necessary to configure a mask and an optical system with 

10 a reflective mask and a reflecting optical system that allow 
a reflection of the light, instead of the light-transparent 
mask and the light- transmitting optical system. 

The reflective mask when used requires that a light 
having been reflected from a mask surface should be led to 

15 an optical projection system without causing a mutual 
interference with a light incident on the mask. Thus, the 
light incident on the mask becomes inevitably necessary to 
be obliquely incident with an angle <|> to a normal of the mask 
surface . This angle is determined from the numerical aperture 

20 NA of the optical projection lens, a mask magnification m and 
a size a of an illumination light source. Specifically, as 
for an exposure apparatus conditioned to be NA = 0.3 and a 
==0.8, the use of a mask having a five- fold reduced magnification 
on the wafer, for instance, results in an incidence of the 

25 light on the mask with a solid angle of 3 . 44 ± 2 . 75° . Further, 
as for an exposure apparatus conditioned to be NA =0.25 and 

a = 0.7, the use of a mask having a four-fold reduced 
magnification on the wafer results in the incidence of the 
light on the mask with the solid angle of 3.58 ± 2.51°. An 
30 incident angle of the exposure light incident on the mask is 
set so as to be normally close to 5° in consideration of these 
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solid angles. The incident angle is defined herein as an 
angle that is formed with the normal to the mask surface. 

When the extreme ultraviolet radiation having the 
wavelength of 13.5 nm is reflected with the above reflective 
5 mask, the exposure apparatus conditioned to be NA = 0.25, for 
instance, makes it possible to form a line width of 32.4 nm, 
provided that kl ^ 0.6 is derived from the above mentioned 
Rayleigh's formula. That is, the use of the extreme 
ultraviolet radiation and the reflective mask that enables 
10 a pattern transfer with the extreme ultraviolet radiation is 
supposed to be adaptable also to the pattern width or pattern 
pitch minimization, etc. that has failed to be attained with 
the light-transparent mask and the light-transmitting optical 
system. 

15 By the way, a demand for the micro-miniaturization has 

been rapidly increased in recent years, resulting in a need 
for a measure to meet a further minimization of the pattern 
width and the pattern pitch, etc. As for a gate line width 
requiring a small size in particular, for instance, there has 

20 been also the need for a line width of a size smaller than 
32.4 nm, that is, a condition under which kl < 0.6 is derived. 
Specifically, a gate line width of 15 nm resulting from a 
fabrication leads to the need for a 25 nm line width also as 
for a resist line width. In terms of the resist line width 

25 of 25 nm, kl = 0.4 6 is derived from the Rayleigh's formula 
in the case of the exposure apparatus conditioned to be NA 
= 0.25 with the wavelength of 13.5 nm. In case of forming 
the line width of the above size, it is necessary to use not 
only the extreme ultraviolet radiation having the wavelength 

30 of 13.5 nm and the reflective mask that reflects this extreme 
ultraviolet radiation but also the resolution enhanced 
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technology. 

It is known that the resolution enhanced technology makes 
use of , in addition to (1) a modified illumination light source 
(an orbicular zonal illumination and a four-hole illumination 
5 etc.) and (2) a pupil filter (a orbicular zonal filter and 
a four-hole filter etc.) that selectively take advantage of 
± primary diffracted light of a mask pattern, (3) a halftone 
phase shift mask, ( 4 ) a combination of the halftone phase shift 
mask with the modified illumination light source, or (5) a 

10 Levenson phase shift mask (which is also called "an alternating 
phase shift mask") . Each of (3), (4), and (5) (the halftone 
phase shift mask and the alternating phase shift mask are 
hereinafter referred generally to as "the phase shift mask") 
takes advantage of an optical phase difference, and is quite 

15 effective in enhancing a resolution performance and in 
increasing a pattern contrast, leading to a more frequent use 
for the lithography process than (1) or (2). 

However, while the transparent mask that is of a light 
transmitting type is easy to constitute the phase shift mask 

20 as is generally known, the reflective mask adapted to the 
extreme ultraviolet radiation has a quite difficulty in 
configuring the phase shift mask. For instance, the 
transparent mask allows regions different in optical phase 
difference by 180° to be formed using a means of digging in 

25 a mask blank, in which case, however, an application of the 
above means to the reflective mask as it is causes also a change 
of an optical reflectance simultaneously with a digging-in 
of the mask blank, resulting in a failure to constitute the 
phase shift mask. Further, the transparent mask also allows 

30 the regions different in optical phase difference by 180° to 
be formed by taking advantage of a phase shift effect of a 
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material, in which case, however, the application of the above 
phase shift effect to the reflective mask provides no 
constitution having a desired reflectance and the phase shift 
effect with a single material, because of an absence of a 
non-absorbent material for an exposure wavelength of the 
extreme ultraviolet radiation, resulting in the failure to 
constitute the phase shift mask. Furthermore, a reflective 
mask blank with multilayered films used for the reflective 
mask adapted to the extreme ultraviolet radiation is generally 
available in the form of a structure (composed of repeated 
layers asmany as 40 layers, for instance) inwhichaSi (Silicon) 
layer and a Mo (Molybdenum) layer are alternately arranged 
in multiple layers, so that a technology has been proposed, 
in which regions whose orders of arrangements of the multiple 
layers are reversed to each other are formed individually to 
provide the regions having the phase difference of 180° and 
being equal in reflectance. However, it is quite difficult 
to fabricate a multilayered structure as described the above, 
resulting in no practical use of the phase shift mask of the 
above multilayered structure yet. For the above reasons, the 
reflecting phase shift mask adapted to the extreme ultraviolet 
radiation has been supposed that it is impossible to constitute 
this reflecting phase shift mask actually. 

Thus, the present invention has been undertaken in view 
of a fact that a refractive index of a material suitably used 
as a masking material for the extreme ultraviolet wavelength 
is in a range of 0.89 to 1.01, and is thus intended to provide 
an extreme ultraviolet phase shift mask that may be configured 
actually by obtaining an appropriate combination of a 
refractive index with an absorption coefficient, a fabrication 
method thereof, and a fabrication method of a semiconductor 
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apparatus . 

DISCLOSURE OF THE INVENTION 

According to the present invention, there is provided 
5 an exposure light phase shift mask devised to attain the above 
object, that is, an exposure light phase shift mask used to 
transfer a desired pattern to a light exposed material by a 
reflection of an exposure light, the phase shift mask being 
characterized by having a reflective mask blank with 

10 multilayered films that reflects the exposure light, and a 
first and a second regions formed on the reflective mask blank 
with multilayered films, wherein each film thickness and each 
complex refractive index in a formative film of the first region 
and a formative film of the second region are set to ensure 

15 that a reflected light contained in the exposure light in the 
first region and a reflected light contained in the exposure 
light in the second region form a prescribed phase difference . 

Further, according to the present invention, there is 
also provided a fabrication method of a phase shift mask for 

20 an exposure light devised to attain the above object, that 
is, a fabrication method of a phase shift mask for an exposure 
light having a reflective mask blank with multilayered films 
that reflects an exposure light, and a first and a second regions 
formed on the reflective mask blank with multilayered films, 

25 and is characterized by specifying, with reference to an 
arbitrary complex refractive index to the exposure light and 
an arbitrary film thickness of each film formed on the 
reflective mask blank with multilayered films, a phase and 
a reflectance of a reflected light contained in the exposure 

30 light based on the above complex refractive index and the above 
film thickness, and by selecting, based on the specif ied phase 
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and the specified reflectance, each film thickness and each 
complex refractive index in a formative f ilmof the first region 
and a formative film of the second region to ensure that the 
reflected light contained in the exposure light in the first 
5 region and the reflected light contained in the exposure light 
in the second region create a prescribed phase difference. 

Furthermore, according to the present invention, there 
is also provided a fabrication method of a semiconductor 
apparatus devised to attain the above object, that is, a 

10 fabrication method of a semiconductor apparatus including a 
lithography process of transferring a desired pattern to a 
light exposed material using an exposure light phase shift 
mask, and is characterized by specifying, with reference to 
an arbitrary complex refractive index to the exposure light 

15 and an arbitrary film thickness of each film formed on a 
reflective mask blank with multilayered films, a phase and 
a reflectance of a reflected light contained in the exposure 
light based on the above complex refractive index and the above 
film thickness, by selecting, based on the specified phase 

20 and the specified reflectance, each film thickness and each 
complex refractive index in a formative film of the first region 
and a formative film of the second region to ensure that the 
reflected light contained in the exposure light in the first 
region and the reflected light contained in the exposure light 

25 in the second region create a prescribed phase difference, 
by forming the formative film of the first region and the 
formative film of the second region on the reflective mask 
blank with multilayered films based on the selected complex 
refractive index and the selected film thickness to constitute 

30 an exposure light phase shift mask having the first region 
and the second region on the reflective mask blank with 
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multilayered films, and by transferring the desired pattern 
to the light exposed material using the resultant exposure 
light phase shift mask. 

According to the phase shift mask for the exposure light 
5 having the above constitution, the fabrication method of the 
phase shift mask using the above procedure and the fabrication 
method of the semiconductor apparatus using the above procedure, 
the first and the second regions formed on the reflective mask 
blank with multilayered films require that the film thickness 

10 and the complex refractive index in each of the first and the 
second regions are set to ensure that the reflected light 
contained in the exposure light in the first and the second 
regions creates the prescribed phase difference. 
Specifically, the formative films of the first and the second 

15 regions are deposited to reach the set film thickness, and 
each composing material of the formative films of the first 
and the second regions is selected to reach the set complex 
refractive index. The set complex refractive index may be 
reached by providing each formative film in the form of a 

20 multilayered structure consisting of a plurality of materials . 
Each film thickness and each complex refractive index in the 
formative films of the first and the second regions are adjusted 
to reach the set values as described the above, resulting in 

a creation of the prescribed phase difference (180°, for 
25 instance) in the reflected light contained in the exposure 

light between the first region and the second region. 

The present invention is characterized in that the 

exposure light is the extreme ultraviolet radiation, X-rays, 

radioactive rays, ultraviolet rays, or a visible light. 
30 Further, it is also characterized in that the phase shift mask 

is a halftone phase shift mask or a Levenson phase shift mask. 
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Furthermore , the present invention is also 
characterized in that each film thickness and each complex 
refractive index in the formative film of the first region 
and the formative film of the second region are set using an 
5 iso-phase contour line and an iso-reflectance contour line, 
and the iso-phase contour line is calculated by fixing an 
imaginary part of the complex refractive index. 

BRIEF DESCRIPTION OF THE DRAWINGS 
10 FIGS. 1A and IB are schematic views showing one example 

of a schematic configuration of a phase shift mask according 
to the present invention. 

FIG. 2 i s a flowchart showing a fabrication procedure 
of the phase shift mask in a first embodiment of the present 
15 invention. 

FIG._^3jLllustrates one specific example of an iso-phase 
contour line. 

FIG. 4 illustrates one specific example of an 
iso-ref lectance contour line. 
20 FIG. < J5 illustrates a real part distribution of a 

composite complex refractive index to a Ru film thickness and 
a TaN film thickness to obtain a halftone phase shift mask. 

FIG. 6 illustrates a relation between a total film 
thickness in the halftone phase shift mask and a real part 
25 (n) of the composite complex refractive index and a reflectance 
(k) . 

FIG. 7 illustrates a relation between the total film 
thickness in the halftone phase shift mask and the Ru film 
thickness and the TaN film thickness. 
30 FIG.^8^illustrates an imaginary part distribution of 

the composite complex refractive index to the Ru film thickness 



S03P0776 



and the TaN film thickness to obtain the halftone phase shift 
mask. 

FIG- 9 illustrates one example of a matrix-shaped 
arrangement of a phase difference and a half tone reflectance 
5 to a film thickness of a Ru layer and a film thickness of a 
TaN layer. 

FIG. 10 illustrates one example of the matrix-shaped 
arrangement of the phase difference to the film thickness of 
the Ru layer and the film thickness of a Cr layer. 
10 FIG. 11 illustrates one example of the matrix-shaped 

arrangement of the half tone reflectance to the film thickness 
of the Ru layer and the film thickness of the Cr layer. 

FIG. 12 illustrates a light intensity distribution as 
for a hole pattern having amask hole opening of 30 nm ( indicated 
15 with wafer coordinates) in the case where a NA of the halftone 
phase shift mask is NA = 0.25. 

FIG . 13 is a schematic view showing a sectional structure 
of one configuration of the halftone phase shift mask. 

FIG. 14 is a flowchart showing a fabrication procedure 
20 of the phase^shift mask in a second embodiment of the present 
invention . 

FIG. 15 illustrates one specific example of the iso-phase 
contour line. 

FIG. 16 is a schematic view showing a sectional structure 
25 of one configuration (a structure 1) of a Levenson phase shift 
mask . 

FIG. ^17 ^ illustrates one example of an optimization (with 
a Mo film thickness as a parameter) of a phase and a reflectance 
with considerations of a multiple interference in film in the 
30 Levenson phase shift mask of the structure 1. 

FIG. 18 illustrates the light intensity distribution 
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in the Levenson phase shift mask of the structure 1. 

FIG. 19 illustrates the phase difference (indicated on 
the wafer) of the Levenson phase shift mask of the structure 
1. 

5 FIG. 20 illustrates one example of a depositionprocedure 

(Part 1) of^the Levenson phase shift mask of the structure 
1. 

FIG. 21 illustrates one example of the deposition 
procedure (Part 2) of the Levenson phase shift mask of the 
10 structure 1 . 

FIG. 22 illustrates one example of the deposition 
procedure (Part 3) of the Levenson phase shift mask of the 
structure 1. 

FIG. 23 illustrates one example of the deposition 
15 procedure (^Pairt 4) of the Levenson phase shift mask of the 
structure 1. 

FIG .^24^is a schematic view showing a sectional structure 
of a different constitution (a structure 2) of the Levenson 
phase shift mask. 
20 FIG. 25 illustrates one example of the optimization (with 

the Mo film thickness as the parameter) of the phase and the 
reflectance with considerations of the multiple interference 
in film in the Levenson phase shift mask of the structure 2. 

FIG. 26 illustrates the light intensity distribution 
25 in the Levenson phase shift mask of the structure 2. 

FIG. 27 illustrates the phase difference (indicated on 
the wafer) of the Levenson phase shift mask of the structure 
2. 

FIG i>1 _28 j is a schematic view showing a sectional structure 
30 of a further different constitution (a structure 3) of the 
Levenson phase shift mask. 
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FIG. 29 illustrates one example of the optimization (with 
the Mo film thickness as the parameter) of the phase and the 
reflectance with considerations of the multiple interference 
in film in the Levenson phase shift mask of the structure 3. 
5 FIG. 30 illustrates the light intensity distribution 

in the Levensbn phase shift mask of the structure 3. 

FIG. r 31 illustrates the phase difference (indicated on 
the wafer) of the Levenson phase shift mask of the structure 
3. 

10 FIG . 32 is a schematic view showing a sectional structure 

of one constitution (a structure 4) in which a first region 
and a second region of the Levenson phase shift mask are in 
a flat form. 

FIG .^33 illustrates one example of the optimization (with 
15 the Mo film thickness as the parameter) of the phase and the 
reflectance with considerations of the multiple interference 
in film in the Levenson phase shift mask of the structure 4. 

FIG. 34^ illustrates the light intensity distribution 
in the Levenson phase shift mask of the structure 4. 
20 FIG. 35 illustrates the phase difference (indicated on 

the wafer) in the Levenson phase shift mask of the structure 
4. 

FIG. 36 illustrates one example of the deposition 
procedure (Part 3) of the Levenson phase shift mask of the 
25 structure 4 . 

FIG. ^37 illustrates one example of the deposition 
procedure (Part 4) of the Levenson phase shift mask of the 
structure 4 . 

FIG yJ38 i s a schematic view showing a sectional structure 
30 of a different flat constitution (a structure 5 ) of the Levenson 
phase shift mask. 
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FIG.J39 illustrates one example of the optimization (with 
the Mo film thickness as the parameter) of the phase and the 
reflectance with considerations of the multiple interference 
in film in the Levenson phase shift mask of the structure 5. 
5 FIG. 40 illustrates the light intensity distribution 

in the Levenson phase shift mask of the structure 5. 

FIG. ^41 i llustrates the phase difference (indicated on 
the wafer) of the Levenson phase shift mask of the structure 
5. 

10 FIG. 42 is a schematic view showing a sectional structure 

of a further different flat constitution (a structure 6) of 
the Levenson phase shift mask. 

FIG.^ 4j i llustrates one example of the optimization (with 
the .Mo film thickness as the parameter) of the phase and the 
15 reflectance with considerations of the multiple interference 
in film in the Levenson phase shift mask of the structure 6. 

FIG. >4£^ llustrates the light intensity distribution 
in the Levenson phase shift mask of the structure 6. 

FIG. 45 illustrates the phase difference (indicated on 
20 the wafer) in the Levenson phase shift mask of the structure 
6. 

FIG. 46 illustrates the light intensity distribution 
(NA = 0.25) to a mask TaN width (indicated on the wafer) in 
the Levenson phase shift mask of the structure 5. 
25 FIG.^JLZ^illustrates the light intensity distribution 

(NA = 0.25) to the mask TaN width (indicated on the wafer) 
in a conventional binary mask. 

FIG.^^^illustrates the light intensity distribution 
(NA =0.30) to the mask TaN width (indicated on the wafer) 
30 in the Levenson phase shift mask of the structure 5. 
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BEST MODE FOR CARRYING OUT THE INVENTION 

A phase shift mask for an exposure light, a method 
thereof, and a fabrication method of a semiconductor apparatus 
according to the present invention are hereinafter described 
5 with reference to the accompanying drawings by taking a case 
where an exposure light is specified as an extreme ultraviolet 
radiation. Incidentally, it is a matter of course that the 
present invention is not limited to embodiments described 
below . 

10 (Description of schematic constitution of phase shift 

mask) 

Firstly, a schematic constitution of a phase shift mask 
for an extreme ultraviolet radiation according to the present 
invention is described. The phase shift mask described herein 

15 is used to transfer a desired pattern (a circuit pattern, for 
instance) to a light exposed material such as a wafer by a 
reflection of the extreme ultraviolet radiation in a 
lithography process included in the fabrication method of 
semiconductor apparatus . Incidentally, an ultraviolet light 

20 having a shorter wavelength (in the range of 1 nm or above 
to 100 nm or below, for instance) than that of an ultraviolet 
light having been employed in a conventional lithography 
process, specifically, an ultraviolet light having a 
wavelength of 13.5 nm, for instance, is applicable to "the 

25 extreme ultraviolet radiation" specified herein. 

FIGS. 1A and IB are schematic views showing one example 
of the schematic constitution of the phase shift mask according 
to the present invention. As shown in these figures, each 
of phase shift masks 10, 10' includes a reflective mask blank 

30 with multilayered films (mask blanks) 11 that reflects the 
extreme ultraviolet radiation, and a first and a second regions 
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12a and 12b that are formed on the reflective mask blank with 
multilayered films 11. 

The reflective mask blank with multilayered films 11 
is in the form of a structure in which a Si (Silicon) layer 
5 and a Mo (Molybdenum) layer are alternately arranged in 
multiple layers, in which case, a structure composed of 
repeated multiple layers as many as 40 layers is generally 
employed. Further, it is known that in terms of a ratio T 
of a total thickness of the Si layer and the Mo layer to a 

10 thickness of the Mo layer, a Mo layer thickness/ (Si layer 
thickness + Mo layer thickness ) ratio = 0 - 4 is adequate . Thus , 
assuming that a wavelength A, of the extreme ultraviolet 
radiation for use in an exposure is 13.5 nm, the reflective 
mask blank with multilayered films 11 requires that the total 

15 film thickness of the Si layer and the Mo layer reaches 
(X/2) / (0. 9993 x 0.6 + 0.9211 x 0.4) = 6.973 nm, where the Si 
layer is supposed to have a thickness of 6.9730 x 0.6 = 4.184 
nm , and the Mo layer is supposed to have a thickness of 6.9730 

x 0.4 = 2.789 nm. 

20 The reflective mask blank with multilayered films 11 

has thereon an absorption film 14 through a buffer film 13. 
The buffer film 13 is provided as an etching stopper being 
operative when forming the absorption film or for the purpose 
of avoiding damages at the time of a removal of defects after 

25 a formation of the absorption film, and is formed with a Ru 
(Ruthenium) layer or Si02 (Silicon Dioxide), for instance. 
The absorption film 14 consists of an extreme ultraviolet 
absorbing material, and is formed with a TaN (TantalumNitride) 
layer, for instance. However, the absorption film 14 may be 

30 one consisting of a different material as long as it is available 
as an extreme ultraviolet masking material. Specifically, 
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Ta (Tantalum) or Ta compounds, Cr (Chromium) or Cr compounds 
and W (Tungsten) or W compounds, etc. are supposed to be 
available, in addition to the TaN . 

By the way, the reflective mask blank with multilayered 
5 films 11 has thereon the first region 12a and the second region 
12b. The first region 12a and the second region 12b are 
supposed to create a prescribed phase difference (180°, for 
instance) in the reflected light contained in the extreme 
ultraviolet radiation in each of the above regions. 

10 Thus, the first region 12a and the second region 12b 

differ in a composing material or a thickness of a formative 
film (the buffer film 13 + the absorption film 14) in each 
of the above regions (See FIG. 1A) , as described later . However, 
it is alsoallowable to form the buffer film 13 and the absorption 

15 film 14 only on either of the above regions to ensure that 
the first region 12a and the second region 12b create the phase 
difference (See FIG. IB) . 

Assuming that a phase difference between an incident 
light and a reflected light in the first region 12a is § lr 

20 a phase difference between an incident light and a reflected 
light in the second region 12b is and a difference in the 
film thickness between the first region 12a and the second 
region 12b is h, a phase difference (|> between the first region 
12aandthe secondregion 12bmaybe specif ied with the following 

25 expression (1). 

In the expression (1) , the 0 is an angle that the light 
incident on the mask forms with respect to a normal on a mask 
surface. A reference A. is an exposure center wavelength. 
30 References <|>i and (|>2 may be those obtained using a method 
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disclosed by "Yamamoto and T . Namioka" "Layer-by-layer design 
method for soft-x-ray multilayers", Applied Optics, Vol. 31 
pp 1622 to 1630, (1992), for instance. 

Further, a complex refractive index of the composing 
5 material of each of the first region 12a and the second region 
12b is required to calculate the phase difference cp(X) using 
the expression (1) . In the case where the extreme ultraviolet 
radiation has the exposure center wavelength of 13.5 rim, the 
complex refractive index of each composing material results 

10 in Mo : 0.92108 - 0.00643543i, Si : 0.9993 - 0.00182645i, Ru : 
0.88749 - 0.017472H and TaN : 0.94136 - 0.0315738i, for 
instance. When the composing materials are in the form of 
a multilayered structure composed of arbitrary m layers, a 
composite complex refractive index obtained with the following 

15 expressions (2) and (3) may be used. 



The phase shift masks 10, 10' require that the composing 
material (the complex refractive index, in particular) and 

20 the thickness of the formative film (the buffer film 13 + the 
absorption film 14) in each of the first and the second regions 
12a and 12b are set to ensure that the first and the second 
regions 12a and 12b allow the phase difference cp specified 
as described the above to reach the prescribed value (180°, 

25 for instance) . That is, the phase shift masks 10, 10' described 
in the embodiment of the present invention have great features 
in that each film thickness and each complex refractive index 
in the formative film of the first region 12a and the formative 
film of the second region 12b are set to ensure that the reflected 
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light contained in the extreme ultraviolet radiation in the 
first region 12a and the reflected light contained in the 
extreme ultraviolet radiation in the second region 12b create 
the prescribed phase difference. 
5 (Description of fabrication procedure of phase shift 

mask) 

A fabrication procedure of the phase shift masks 10, 
10' having the above features is now described. However, a 
description in this section is given by classifying the above 
10 fabrication procedure into a first embodiment and a second 
embodiment . 

(First embodiment) 

The first embodiment is described by taking the case 
where the present invention is applied to constitute a halftone 

15 phase shiftmask. FIG. 2 is a flowchart showing the fabrication 
procedure of the phase shift mask in the first embodiment. 

In a fabrication of the halftone phase shift mask, an 
iso-phase contour line and an iso-ref lectance contour line 
to each complex refractive index are firstly calculated (Step 

20 101, where Step is hereinafter abbreviated to "S") . A 
calculation of the iso-phase contour line and the 
iso-ref lectance contour line is required for an arbitrary 
complex refractive index without being limited to the existing 
material. That is, with reference to the arbitrary complex 

25 refractive index to the extreme ultraviolet radiation, a phase 
and a reflectance of the reflected light contained in the 
extreme ultraviolet radiation based on the above arbitrary 
complex refractive index are specified. Incidentally, the 
phase and the reflectance to the complex refractive index may 

30 be specified theoretically uniquely. Further, it is also 
supposed that the arbitrary complex refractive index includes 
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a complex refractive index of the reflective mask blank with 
multilayered films 11. That is, the calculation of the 
iso-phase contour line and the iso-ref lectance contour line 
is also required for the reflective mask blank with 
5 multilayered films 11. 

FIG. 3 illustrates one specific example of the iso-phase 
contour line. The illustrated iso-phase contour line is 
calculated by fixing an imaginary part (k) of the complex 
refractive index at 0 . OlOOi . Further, FIG. 4 illustrates one 

10 specific example of the iso-ref lectance contour line. The 
illustrated iso-ref lectance contour line is calculated by 
fixing a real part (n) of the complex refractive index at 0 . 9100 . 
Incidentally, in the illustrated iso-phase contour line and 
iso-ref lectance contour line, an exposure wavelength denoted 

15 by A, in the expression (1) is 13.5 nm, and an incident angle 
of the light obliquely incident on the mask as denoted by 8 
is 4.84°. 

The reflectance and the phase respectively depend on 
the real part and the imaginary part of the complex refractive 

20 index, in which case, the phase is supposed to be mainly 
dependent on the real part of the complex refractive index, 
while the reflectance is supposed to be mainly dependent on 
the imaginary part of the complex refractive index. Thus, 
the first region 12a and the second region 12b may finally 

25 obtain the phase difference of 180° and the desired reflectance 
only by setting the complex refractive index or the film 
thickness of the composing material of each of the regions 
12a and 12b using the iso-phase contour line in FIG. 3 and 
the iso-ref lectance contour line in FIG. 4 in an approximate 

30 calculation manner. Alternatively, it is also allowable to 
set both the complex refractive index and the film thickness. 
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In setting the complex 
refractive index or the film thickness, a material workable 
into the first and the second regions 12a and 12b on the 
reflective mask blank with multilayered films 11 and a film 
5 composition are firstly obtained (S102) . Then, the complex 
refractive index in a material composition of the first region 
12a and the complex refractive index in the material 
composition of the second region 12b are respectively 
calculated (S103, S104) . 
10 It is assumed that the case of a fabrication of the 

halftone phase shift mask 10' having the constitution shown 
in FIG. IB, for instance, that is, a phase shift mask having 
the absorption film 14 only on the second region 12b through 
the buffer film 13 to ensure that the first region 12 and the 

15 second region 12b create the phase difference of 180°. In 
this case, each of the first region 12a and the second region 
12b is supposed to obtain a desired reflectance (a mutually 
different value) , respectively. Further, as for the second 
region 12b, Ru and TaN are supposed to be selected respectively 

20 as the composingmaterial of the buffer film 13 and the composing 
material of the absorption film 14. 

FIG. 5 illustrates a real part distribution of the 
complex refractive index to a Ru film thickness and a TaN film 
thickness . It may be appreciated from this illustration that 

25 the real part of the composite complex refractive index is 
capable of taking values ranging from 0.890 to 0.945 when the 
Ru film thickness varies from 1 nm to 20 nm and the TaN film 
thickness varies from 1 nm to 50 nm. That is, the complex 
refractive index in the material composition of the second 

30 region 12b may be found from the contents of FIG. 5. 
Incidentally, the first region 12a does not have either of 
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the buffer film 13 and the absorption film 14, so that the 
complex refractive index may be calculated from the 
multilayered structure of the reflective mask blank with 
multilayered films 11- 
5 After the calculation of the respective complex indexes 

of refraction, a difference in a level of the formative film 
between the first region 12a and the second regions 12b, that 
is, the thickness of the formative film of the second region 
12b is calculated from a refractive index in the first region 

10 12a, a refractive index in the second region 12b and the already 
calculated iso-phase contour line (S105) . Specifically, if 
the calculation is performed based on the distribution of the 
complex indexes of refraction in FIG . 5 and the iso-phase 
contour line diagram in FIG. 3, a relation between the real 

15 part (n) of the composite complex refractive index and the 
total film thickness of the formative film (the buffer film 
13 + the absorption film 14) required for the phase difference 
from the reflective mask blank with multilayered films 11 to 
reach 18 0° is calculated uniquely as shown in FIG . 6 . Further, 

20 the film thickness of each of the Ru layer (the buffer film 
13) and the TaN layer (the absorption film 14) required for 
the phase difference from the reflective mask blank with 
multilayered films 11 to reach 180° is calculated uniquely 
as shown in FIG . 7 based on a condition under which the composite 

25 complex refractive index provides the phase difference of 180°. 
The calculation of the thickness of the formative film of the 
second region 12b, that is, the film thickness of each of the 
Ru layer and the TaN layer will do in this manner. 

After the film thickness of each of the Ru layer and 

30 the TaN layer is obtained, the extreme ultraviolet reflectance 
in the formative film of the first region 12a and in the second 
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region 12b is then calculated (S106) . The reflectance may 
be obtained by calculating the imaginary part (k) of the 
composite complex refractive index to the total film thickness 
from the film thickness of each of the Ru layer and the TaN 
layer to calculate the reflectance from the calculated 
imaginary part of the composite complex refractive index. 
FIG. 8 illustrates a relation between the film thickness of 
each of the Ru layer and the TaN layer and the imaginary part 
(k) of the composite complex refractive index to the total 
film thickness. Further, if the imaginary part (k) of the 
complex refractive index is known, the reflectance is obtained 
uniquely from the iso-ref lectance contour line shown in FIG. 
4. In FIG. 6, there is also shown a relation between the 
imaginary part (k) of the composite complex refractive index 
and the reflectance and the total film thickness. 

When the reflectance is set at 0.075, for instance, the 
total film thickness of 43 nm is derived from the contents 
of FIG. 6, in which case, 14 nm in the film thickness of the 
Ru layer and 2 9 nm in tlie film thickness of the TaN layer are 
obtained as the most adaptable conditions from the contents 
of FIG. 7. A halftone phase shift having a phase difference 
of 182 . 4° and a reflectance of 0 . 075 is supposed to be obtained 
by calculating, with reference to this film thickness, the 
phase difference and the reflectance further using an accurate 
value of the composite complex refractive index as described 
later . 

However, according to the contents of FIG. 6, it may 
be seen that a film thickness condition required for the 
reflectance to be set at 0 . 075 is existent also in the vicinity 
of 46.3 nm and 48.3 nm in the total film thickness. That is, 
the total film thickness is not one determined as a single 
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condition from the complex refractive index, and therefore, 
needs to be determined in consideration of various conditions 
synthetically inclusive of a film thickness adjustment 
described below. In this case, it is desirable to set at a 
flat change portion of the total film thickness in FIG. 6 (in 
the vicinity of 50.5 nm, for instance) to largely make sure 
of a process margin for the complex refractive index to film 
thickness variations in a mask fabrication. Thus, even if 
the total film thickness varies in the range of about ±1.5 
nm, the complex refractive index is unchanged, so that the 
phase difference and the reflectance also remain unchanged. 

Thereafter, the film thickness adjustment is further 
performed so that the first region 12a and the second region 
12b obtain the phase of 180° and the desired reflectance (S107, 
S108) . A further given reason for the film thickness 
adjustment is to obtain the desired phase and the desired 
reflectance inclusive of a multiple interference effect in 
film that is not taken into consideration in FIG. 6. 
Specifically, each phase difference and each half tone 
reflectance applicable to the case of appropriate variations 
of the film thickness of the Ru layer and the film thickness 
of the TaN layer are calculated according to a procedure 
described the above. FIG. 9 illustrates one example of a 
matrix-shaped arrangement of the phase difference and the half 
tone reflectance to the film thickness of the Ru layer and 
the film thickness of the TaN layer . The half tone reflectance 
is herein specified as a difference between the reflectance 
of the first region 12a and the reflectance of the second region 
12b in the phase shift mask 10' shown in FIG. IB. Then, a 
window satisfying the desired phase difference and the desired 
half tone reflectance, thatis, a set value of the film thickness 
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obtained after the adjustment may be selected from these 
results. Incidentally, in FIG . 9, there is shown the case 
of the phase difference of 180.0 ± 6° and the half tone 
reflectance of 9.0 + 1 %, and the case of the phase difference 
of 180.0 ± 6° and the half tone reflectance of 5.0 ± 1 % (See 
a shadow part in FIG. 9) . Thus, the half tone phase shift having 
the phase difference of 179.4° and the half tone reflectance 
of 9 . 5 % is supposed to be obtained by setting the film thickness 
of the Ru layer at 13 nm and the film thickness of the TaN 
layer at 30 nm. Herein, the reflectance reaches 0.0070, which 
approximately agrees with an estimated value obtained in FIG. 
6. FIGS. 10 and 11 illustrate different matrix-shaped 
arrangements of the phase difference and the half tone 
reflectance to the film thickness of the Ru layer and the film 
thickness of a Cr layer. Thus, the half tone phase shift mask 
having the phase difference of 17 9.2° and the halftone 
reflectance of 4.1 % is supposed to be obtained by setting 
the film thickness of the Ru layer at 9 nm and the film thickness 
of the Cr layer at 34 nm. 

The setting of the complex refractive index and the 
thickness of the formative film of the second region 12b as 
described the above may be followed by a deposition of the 
above formative film on the reflective mask blank with 
multilayered films 11 according to the above setting to 
constitute the halftone phase shift mask. Incidentally, the 
deposition of the formative film may be performed using a 
well-known technology, and therefore, a description thereof 
is herein omitted. 

That is, the phase difference from the reflective mask 
blank with multilayered films 11 in the second region 12b is 
calculated from the film thickness and the real part of the 
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complex refractive index of a group of the materials composing 
the second region 12b formed on the reflective mask blank with 
multilayered films 11, and the reflectance in the second region 
12b is calculated from the film thickness and the imaginary 
5 part of the complex refractive index of the group of the 
materials composing the second region 12b, thereby providing, 
based on the calculated phase difference and the calculated 
reflectance, the halftone phase shift mask of the above 
constitution, that is, one in which the first region 12a (the 

10 reflective mask blank with multilayered films 11) and the 
second region 12b are different in the phase difference by 
180° and the reflectance of the second region 12b reaches a 
desired value . However, it does not matter if the calculation 
on which of the phase difference and the reflectance is 

15 performed earlier. 

A light intensity distribution in the case of the use 
of the halftone phase shift mask obtained according to the 
above procedure is described. FIG. 12 illustrates the light 
intensity distribution as for a hole pattern having a mask 

20 hole opening of 30 nm (indicated with wafer coordinates, where 
a four-fold mask requires the hole opening of 120 nm) , when 
optical conditions of NA = 0.25 and cr = 0.70 are applied. In 
FIG. 12, there is also shown the light intensity distribution 
as for a conventional binary mask, for a comparison . According 

25 to this illustration, it is apparent that the use of the halftone 
phase shift mask enables an effect of increasing a pattern 
edge contrast to be obtained, as compared with the conventional 
binary mask. 

Incidentally, while the phase shift mask 10' of the 
30 constitution shown in FIG. IB, that is, one having the buffer 
film 13 and the absorption film 14 only on the second region 
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12b is taken as the instance of the halftone phase shift mask, 
it is also allowable to constitute the halftone phase shift 
mask 10 as shown in FIG. 1A, for instance. However, even in 
the case of the halftone phase shift mask 10, the first region 
12a and the second region 12b require that the film thickness 
and the complex refractive index of the formative film of each 
of the above regions are set to ensure that the phase difference 
of 180° is created, as described the above. 

FIG. 13 is a schematic view showing a sectional structure 
of one constitution of the halftone phase shift mask. In 
the illustrated mask, the reflective mask blank with 
multilayered films 11 has thereon the first region 12a in which 
Ru of 10 nm and Si of 47 nm are multilayered in order, and 
the second region 12b in which Ru of 5 nm, TaN of 47 nm and 
Ru of 5 nm are multilayered in order. The reason for the use 
of the Si for the composing material of the formative film 
of the first region 12a is as follows. The complex refractive 
index of the Si is 0.99932 - 0.00182645i whose real part is 
extremely close to 1 specified as the refractive index in a 
vacuum and whose imaginary part is smaller than that of the 
other materials. Thus, a Si material is allowed to bear a 
role in the adjustment of the phase difference and the 
reflectance ratio by taking advantage of the multiple 
interference effect in film of the Si material. The 
application of the multiple interference effect in film makes 
it possible to constitute the halftone phase shift mask of 
a flat structure in which the first region 12 and the second 
region 12b create the phase difference of 180°, and besides, 
respectively have a completely flat upper surface. 
(Second embodiment) 

The second embodiment of the fabrication procedure of 
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the phase shift mask is now described. A description of the 
second embodiment is given by taking the case where the present 
invention is applied to constitute a Levenson phase shift 
mask. FIG. 14 is a flowchart showing the fabrication procedure 
of the phase shift mask in the second embodiment. 

As shown in FIG . 14, the fabrication of the Levenson 
phase shift mask is also performed approximately in the same 
manner (See FIG. 2) as that in the case of the halftone phase 
shift mask in the above first embodiment (S201 to S208) . 
However, the Levenson phase shift mask is different from the 
halftone phase shift mask in that the former requires that 
not only the phases in the first region 12a and the second 
region 12b are different by 180°, but also the reflectance 
in the first region 12a and that in the second region 12b are 
approximately equal. That is, for constituting the Levenson 
phase shift mask, it is necessary to satisfy two requirements, 
that is, (1) the reflectance in the first region 12a and that 
in the second region 12b should be approximately equal, and 
(2) the phase difference between the first region 12a and the 
second region 12b should be 180° (S208). 

A judgment as to whether or not these requirements are 
satisf iedmay be performed as follows . Firstly, assuming that 
the reflectance of the first region 12a is Ri, and the 
reflectance of the second region 12b is R 2 , a reflectance ratio 
P obtained by the following expression (4) is specified. 
P = / /?2(/l))xl00 (%) • • • (4) 

Then, a criterion 1 of |P|^3.0% is applied to the 
specified reflectance ratio P, and when an agreement with the 
criterion 1 is reached, it is judged that the above requirement 
(1) is satisfied. 

Further, with reference to the above requirement (2), 
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a criterion 2 of |<p(M I = 6° is applied to obtained by 

the expression (1) having been described in the first 
embodiment. Then, when an agreement with the criterion 2 is 
reached, it is judged that the above requirement (2) is 
satisfied . 

The Levenson phase shift mask obtained in this manner 
is supposed to be available in the form of the constitution 
shown in FIG. 1A, that is, one in which both the first region 
12a and the second region 12b have the buffer film 13 and the 
absorption film 14. 

A fabrication procedure of the Levenson phase shift mask 
of the constitution shown in FIG. 1A is now described in more 
detail by taking a specific example. For constituting the 
Levenson phase shift mask, the calculation of the iso-phase 
contour line and the iso-ref lectance contour line to the 
arbitrary complex refractive index is also firstly required, 
like the case of the halftone phase shift mask having been 
described in the first embodiment. FIG. 15 illustrates one 
specific instance of the iso-phase contour line. The 
illustrated iso-phase contour line is calculated by fixing 
the imaginary part (k) of the complex refractive index at 
O.OlOOi. 

By the way, the Levenson phase shift mask requires that 
a phase difference q>i(A-) between the formative film of the 
first region 12a and the reflective mask blank with 
multilayered films 11 is specified by the following expression 
(5) . 

^i(2) = ^i(>l)-^(A) + (4^icos(9)M ' • ■ (5) 

Further, a phase difference cp 2 between the formative 
film of the second region 12b and the reflective mask blank 
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with multilayered films 11 is specified by the following 
expression ( 6) . 
^2(A) = 5>2(A)~(fe(^) + ( 4 ^ 2 cos^)/A • ■ • (6) 

Thus, a phase difference (p(A,) between the first region 
5 12a and the second region 12b is supposed to be specified by 
the following expression (7). 
y/(X) = \f/x(X)-y/2{X) • ' • (7) 

A relation specif ied by the expression (7) is expressed 
in terms of a correlation of the iso-phase contour lines as 
10 shown in FIG. 15, In FIG. 15, it may be appreciated that the 
difference in the level between the first region 12a and the 
second region 12b requires 5 6 nm to satisfy the phase difference 
of 180° between the first region 12a and the second region 
12b with the material whose real part of the complex refractive 
15 index is 0.94, for instance (See "1" in FIG. 15). Further, 
it may be also appreciated that the difference in the level 
between the first region 12a and the second region 12b requires 
42 nm to satisfy the phase difference of 180° between the first 
region 12a and the second region 12b with the material whose 
20 real part of the complex refractive index is 0.96 in the first 
region 12a and 0.94 in the second region 12b (See "2" in FIG. 
15) . On the contrary, for the calculation of the reflectance, 
an absolute value to the total film thickness is used as it 
is, instead of a relative value. 
25 The Levenson phase shift mask may be also constituted 

only by setting, based on the iso-phase contour line (See FIG. 
15) and the iso-ref lectance contour line (See FIG. 4) as 
described the above, the film thickness and the complex 
refractive index of the formative film so as to satisfy the 
30 criteria 1 and 2 . 

That is, the phase difference from the reflective mask 
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blank with multilayered films 11 in the first region 12a is 
calculated from the film thickness and the real part of the 
complex refractive index of the group of the materials 
composing the first region 12a formed on the reflective mask 
5 blank with multilayered films 11 , and the phase difference 
from the reflective mask blank with multilayered films in the 
second region 12b is calculated from the film thickness and 
the real part of the complex refractive index of the group 
of the materials composing the second region 12b formed on 

10 the reflective mask blank with multilayered films 11. 
Further, the reflectance in the first region 12a is calculated 
from the film thickness and the imaginary part of the complex 
refractive index of the group of the materials composing the 
first region 12a formed on the reflective mask blank with 

15 multilayered films 11, and the reflectance in the second region 
12b is further calculated from the film thickness and the 
imaginary part of the complex refractive index of the group 
of the materials composing the second region 12b formed on 
the reflective mask blank with multilayered films 11. Then, 

20 these results are applied to obtain, as the Levenson phase 
shift mask, the constitution satisfying the criteria 1 and 
2, that is, one in which the first region 12a and the second 
region 12b are different in the phase difference by 180°, and 
the reflectance in the first region 12a and that in the second 

25 region 12b are approximately equal. Incidentally, it does 
not matter if the calculation on which of the phase difference 
and the reflectance is performed earlier. 

By the way, it is necessary to deposit the formative 
films of the first region 12a and the second region 12b with 

30 different materials arranged appropriately inmultiple layers 
to satisfy thecriteria 1 and2 simultaneously. This isbecause 
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the Levenson phase shift mask simultaneously satisfying the 
criteria 1 and 2 fails to be obtained as a practically easily 
fabricated structure due to limitations on the complex 
refractive index of the practically existingmaterials , unless 
5 the different materials are appropriately arranged inmultiple 
layers . 

For this reason, TaN, Ru and Si are used as the materials 
composing the first region 12a. Further, Mo and Ru are used 
as the materials composing the second region 12b. The reason 

10 for the use of these materials is that it is generally known 
that an etching selection ratio of each material is quite 
largely taken in a combination as described below, as disclosed 
in "Approach to patterning of extreme ultraviolet lithography 
masks" of Jpn. J. Appl. Phys, Vol. 40 (2001) , pp. 6998 to 7001. 

15 That is, when an etching of the Ru layer to a Si substrate 
is performed by a dry etching with CI2 + O2 gas, the Si substrate 
acts as an etching stopper on the Ru etching . When the etching 
of the TaN layer to the Ru substrate is performed by the dry 
etching with Ar + CI2 gas, the Ru substrate acts as the etching 

20 stopper on the TaN layer etching. Further, the etching of 
the Mo layer and the Si layer to the Ru substrate is also 
performed by the dry etching with the Ar + Cl 2 gas to largely 
take the selection ratio. This is because a Ru chloride RuCl 3 
is a relatively stable substance which is supposed to be 

25 dissolved at 600 °C or above. On the contrary, a Si chloride 
SiCl 4 has a boiling point of 57.6 °C, a Mo chloride M0CI5 has 
a boiling point of 268 °C, and a Ta chloride TaCl 5 has a boiling 
point of 242 °C, from which it may be seen that a removal as 
etching reaction gas in the vacuum to the Ru chloride is easily 

30 caused. 

FIG. 16 is a schematic view showing a sectional structure 



33 S03P0776 

of one constitution of the Levenson phase shift mask. The 
illustrated structure (which is hereinafter referred to as 
"a structure 1") is supposed to be one satisfying the criteria 
1 and 2 determined based on the iso-phase contour line in FIG. 
5 15 and the iso-ref lectance contour line in FIG. 4. The first 
region 12a has, on the reflective mask blank with multilayered 
films 11, the formative film in the form of the multiple layers 
in the order of Ru of 2 nm, TaN of 7 nm and Ru of 4 nm. The 
first region 12a has the total film thickness of 11 nm, and 

10 shows the composite complex refractive index whose real part 
is 0.9165, and whose imaginary part is 0.02507i. Further, 
the second region 12b has the formative film in the form of 
the multiple layers in the order of Ru of 4 nm, Mo of 49 nm 
and Ru of 2 nm. The second region 12b has the total film 

15 thickness of 55 nm, and shows the composite complex refractive 
index whose real part is 0.9174 and whose imaginary part is 
0.007 64i. Incidentally, a boundary between the first region 
12a and the second region 12b has a TaN absorption layer of 
120 nm in the film thickness with a width of 40 nm. 

20 With reference to the above structure 1, the calculation 

of the difference in the level between the first region 12a 
and the second region 12b from the iso-phase contour line in 
FIG. 15 results in 43 nm of the above difference in the level 
based on a relation between the iso-phase contour lines of 

25 90° and 270°, and similarly, 43 nm is also derived from the 
relation between the iso-phase contour lines of 180° and 0°. 
Further, according to an iso-transmittance contour line in 
FIG. 4, it may be also appreciated that the reflectance of 
the first region 12a is 0 .39, and the reflectance of the second 

30 region 12b is 0.38. Then, a result as shown in FIG. 17, for 
instance, is obtained from the calculation of the phase 
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difference and the reflectance ratio on the structure 1 by 
varying the Mo film thickness of the second region 12b inclusive 
of the multiple interference effect in film in detail. From 
the illustrated result, it may be confirmed that the structure 
5 1 shown in FIG. 16 is in the form of an optimum constitution 
within a film thickness adjustment range of each material. 

Further, in the structure 1, the reflectance is 0.0388 
with respect to the first region 12a, and 0.387 with respect 
to the second region 12b, in which case, the reflectance ratio 
10 therebetween results in 0.258 %. Further, the phase 
difference between the first region 12a and the second region 
12b reaches 178.8° with respect to a TE (Transverse Electric) 
wave, and 178.7° with respect to a TM (Transverse Magnetic) 
wave . 

15 The light intensity distribution in the case of the use 

of the Levenson phase shift mask of the above structure 1 is 
supposed to produce a result as shown in FIG. 18, for instance, 
when the optical conditions of NA = 0 . 25 and a = 0 . 70 are applied 
to the case of the exposure of the wafer to the light with 

20 the 120 nm-thick TaN absorption layer formed as wide as 40 
nm (10 nm in terms of a wafer unit) on the four-fold mask of 
the structure 1. 

Further, 180° of the phase difference between the first 
region 12a and the second region 12b may be confirmed by the 

25 calculation of the phase difference according to the following 
expression (8) using a 320 nm-pitch (a 80 nm-pitch to the width 
of 10 nm in terms of the wafer unit) pattern with the TaN 
absorption layer having the width of 40 nm. Incidentally, 
the expression (8) employs coordinates on the wafer . An X-axis 

30 is expressed in terms of nm unit. 
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p = /(jc + 80)-/(x) (0<x<80) • ■ • (8) 

FIG. 19 shows a result of the calculation of the 
expression (8) on a position right above the mask to a TEy 
wave, a TMx wave and a TMz wave . According to this illustration, 
both the TEy wave and the TMx wave satisfactorily hold the 
phase difference of 180°. On the contrary, the TMz wave shows 
a more outstanding deviation from 180°, in which case, however, 
a contribution toward a transfer is as small as about 0.45 %, 
resulting in no effect on the transfer. 

For the above reasons, it may be said that the Levenson 
phase shift mask of the structure 1 satisfies the criteria 
1 and 2 simultaneously to ensure that the reflectance in the 
first region 12a and that in the second region 12b are 
approximately equal and the phase difference between the first 

and the second regions is 180°. 

A procedure required when depositing, on the reflective 
mask blank with multilayered films 11, the formative films 
of the first and the second regions 12a and 12b respectively 
obtained after the setting of the complex refractive index 
and the film thickness as described the above is now described 
in brief. FIGS. 20 to 23 illustrate one instance of a 
deposition procedure of the structure 1. For the deposition 
of the formative films according to the structure 1, the Ru 
layer is firstly deposited on the reflective mask blank with 
multilayered films 11 by a sputtering, as shown in FIG. 20 
(a process 1) . The Ru layer is supposed to be a material 
ordinarily available as the buffer layer in the binary mask, 
so that the same fabrication apparatus as that required for 
the ordinary case maybe used . Then, the TaN layer is deposited 
on the Ru layer by the sputtering (a process 2) . The TaN layer 
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is supposed to be the material available as the absorption 
layer in the binary mask, so that the same fabrication apparatus 
as that required for the ordinary case may be used. 

Thereafter, the TaN layer is coated with a resist (a 
5 process 3) , and a removal of the resist from a second region 
12b portion is performed by way of a patterning and a resist 
development (a process 4) . After the removal of the resist, 
the TaN layer is removed from the second region 12b portion 
by the dry etching with the Ar + Cl 2 gas (a process 5) . The 

10 Ru layer beneath the etched TaN layer is supposed to function 
as an etching stopper layer. Then, the resist is separated 
(a process 6) , and the deposition of the Ru layer again by 
the sputtering (a process 7) is performed and is followed by 
the deposition of the Mo layer this time by the sputtering 

15 (a process 8) . The Mo layer is supposed to be the composing 
material of the reflective mask blank with multilayered films 
11, so that a multilayer fabrication apparatus may be used. 

The deposition of the Mo layer is followed by the coating 
of the resist (a process 9) as shown in FIG . 21, and the removal 

20 of the resist from a first region 12a portion is performed 
by way of the patterning and the resist development (a process 

10) . Then, the Mo layer is removed from the first region 12a 
portion by the dry etching with the Ar + CI2 gas (a process 

11) . The Ru layer beneath the etched Mo layer is supposed 
25 to function as the etching stopper layer. Thereafter, the 

resist is separated (aprocess 12) , and the Ru layer is deposited 
again by the sputtering (a process 13) . 

The deposition of the Ru layer is followed by the 
deposition of the TaN absorption layer by the sputtering as 
30 shown in FIG. 22 (a process 14) , and the coating of the resist 
further follows (aprocess 15) . Then, the removal of the resist 
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from a portion other than a portion left as the absorption 
layer is performed by way of the patterning and the resist 
development (a process 16) . 

Thereafter, the TaN absorption layer is removed by the 
5 dry etching with the Al + Cl 2 gas as shown in FIG. 23 (a process 
17) . The Ru layer beneath the etched TaN layer is supposed 
to function as the etching stopper layer. Then, a separation 
of the resist (a process 18) is performed, leading to a 
completion of the Levenson phase shift mask of the structure 
10 1 with the effective use of the Ru layer as the etching stopper 
layer . 

FIG . 24 is a schematic view showing a sectional structure 
of a different constitution of the Levenson phase shift mask. 
The illustrated structure (which will be hereinafter referred 

15 to as "a structure 2") is supposed to be one satisfying the 
criteria 1 and 2 determined based on the iso-phase contour 
line in FIG. 15 and the iso-ref lectance contour line in FIG. 
4, likewise the above structure 1. The first region 12a 
has, on the reflective mask blank with multilayered films 11, 

20 the formative film in the form of the multiple layers in the 
order of Ru of 3 nm, TaN of 5 run and Ru of 7 nm. The first 
region 12a has the total film thickness of 15 nm, and shows 
the composite complex refractive index whose real part is 
0.9054 and whose imaginary part is 0.02217i. Further, the 

25 second region 12b has the formative film in the form of the 
multiple layers in the order of Ru of 3 nm, Mo of 4 9 nm and 
Ru of 4 nm. The second region 12b has the total film thickness 
of 56 nm, and shows the composite complex refractive index 
whose real part is 0.9169 and whose imaginary part is 0.007821. 

30 With reference to the structure 2 as described the above, 

the calculation of the difference in the level between the 
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first region 12a and the second region 12b from the iso-phase 
contour line in FIG . 15 results in 44 nm of the above difference 
in the level based on the relationbetween the iso-phase contour 
lines of 90° and 270°, and similarly, 44 nm is also derived 
from the relation between the iso-phase contour lines of 180° 
and 0°. Further, according to the iso-transmittance contour 
line in FIG. 4, it may be also appreciated that the reflectance 
of the first region 12a is 0.38, and the reflectance of the 
second region 12b is 0.36. Then, a result as shown in FIG. 
25, for instance, is obtained from the calculation of the phase 
difference and the reflectance ratio on the structure 2 by 
varying the Mo film thickness of the second region 12b inclusive 
of the multiple interference effect in film in detail. From 
the illustrated result, it may be confirmed that the structure 
2 shown in FIG. 2 4 is supposed to be in the form of the optimum 
constitution within the film thickness adjustment range of 
each material . 

Further, in the structure 2, the reflectance is 0.399 
with respect to the first region 12a, and 0.396 with respect 
to the second region 12b, in which case, the reflectance ratio 
therebetween results in 0.710 %. Thus, the phase difference 
between the first region 12a and the second region 12b reaches 
178.2° with respect to the TE wave and 178.3° with respect 
to the TM wave . 

The light intensity distribution in the case of the use 
of the Levenson phase shift mask of the above structure 2 is 
supposed to produce a result as shown in FIG. 26, for instance, 
when the optical conditions of NA =0.25 and a = 0 . 70 are applied 
to the case of the exposure of the wafer to the light with 
the 120 nm-thick TaN absorption layer formed as wide as 40 
nm (10 nm in terms of the wafer unit) on the four-fold mask 
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of the structure 2 . 

Further, 180° of the phase difference between the first 
region 12a and the second region 12b may be confirmed by 
calculating the phase difference according to the above 
5 expression (8) using the 320 nm-pitch (the 80 nm-pitch to 
the width of 10 nm in terms of the wafer unit) pattern with 
the TaN absorption layer having the width of 40 nm. FIG- 27 
shows a result of the calculation of the expression (8) on 
the position right above the mask to the TEy wave, the TMx 

10 wave and the TMz wave. According to this illustration, both 
the TEy wave and the TMx wave satisfactorily hold the phase 
difference of 180°. On the contrary, the TMz wave shows the 
more outstanding deviation from 180°, in which case, however, 
the contribution toward the transfer is as small as about 0.45%, 

15 resulting in no effect on the transfer. 

The deposition procedure of the structure 2 obtained 
after the setting of the complex refractive index and the film 
thickness as described the above is approximately the same 
as that in the case of the above structure 1. The deposition 

20 procedure of the structure 2 is different from that of the 
structure 1 in that the former procedure additionally requires, 
between the processes 5 and 6, a process of removing the Ru 
layer from the second region 12b portion by the dry etching 
with CI2 + O2 gas . 

25 FIG. 28 is a schematic view showing a further different 

constitution of the Levenson phase shift mask. The 
illustrated structure (which will be hereinafter referred to 
as "a structure 3" ) is supposed to be one satisfying the criteria 
1 and 2 determined based on the iso-phase contour line in FIG . 

30 15 and the iso-ref lectance contour line in FIG. 4, likewise 
the above structures 1 and 2. The first region 12a has, on 
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the reflective mask blank with multilayered films 11 , the 
formative film in the form of the multiple layers in the order 
of Ru of 5 nm, TaN of 20 run, Si of 8 nm and Ru of 5 nm. Further, 
the second region 12b has the formative film in the form of 
5 the multiple layers in the order of Ru of 5 nm, Si of 8 nm 
and Ru of 43.5 nm. 

In the above structure 3, the Si is used as the composing 
material of the formative films of the first and the second 
regions 12a and 12b, unlike the case of the structure 1 or 

10 2. The complex refractive index of the Si is 0.99932 - 
0.00182645i whose real part is extremely close to 1 specified 
as the refractive index in the vacuum and whose imaginary part 
is smaller than that of the other materials. Thus, the Si 
material is allowed to bear the role in the adjustment of the 

15 phase difference and the reflectance ratio by taking advantage 
of the multiple interference effect in film. 

Thus, the constitution satisfying the criteria 1 and 
2 may be obtained from the iso-phase contour line in FIG. 15 
and the iso-ref lectance contour line in FIG. 4 by taking a 

20 procedure of extracting a condition for preponderantly 
narrowing down the adjustment to the phase difference without 
taking the Si layer into consideration, and of then adjusting 
the phase difference to reach close to 180°, while narrowing 
down the adjustment to the reflectance with the multiple 

25 interference effect in film of the Si layer. That is, the 
constitution satisfying the criteria 1 and 2 is supposed to 
be in the form of the multiple layers in the order of Ru of 
5 nm, TaN of 20 nm and Ru of 5 nm on the reflective mask blank 
with multilayered films 11 as for the first region 12a, and 

30 in the form of the multiple layers in the order of Ru of 5 
nm and Ru of 43.5 nm as for the second region 12a. The first 
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region 12a in this case has the total film thickness of 30 
run, and shows the composite complex refractive index whose 
real part is 0 . 9234 and whose imaginary part is 0 . 02 6871 . The 
second region 12b has the total film thickness of 48.5 nm, 
5 and shows the composite complex refractive index whose real 
part is 0.8875 and whose imaginary part is 0.01747i. 

With reference to the above structure 3, the 
calculation of the difference in the level between the first 
region 12a and the second region 12b from the iso-phase contour 

10 line in FIG. 15 results in 22 nm of the above difference in 
the level based on the relation between the iso-phase contour 
lines of 90° and 27°, and similarly, 16 nm is derived from 
the relation between the iso-phase contour lines of 180° and 
0°. Further, according to the iso-transmittance contour line 

15 in FIG. 4, it may be also appreciated that the reflectance 
of the first region 12a is 0.14 and the reflectance of the 
second region 12b is 0.18. Then, a result as shown in FIG. 
29, for instance, is obtained from the calculation of the phase 
difference and the reflectance ratio on the structure 3 by 

20 varying the Mo film thickness of the second region 12b inclusive 
of the multiple interference effect in film in detail. From 
the illustrated result, it may be confirmed that the structure 
3 shown in FIG. 2 8 is supposed to be in the form of the optimum 
constitution within the film thickness adjustment range of* 

25 each material . The structure 3 employs the Si as the composing 
material of the formative films of the first and the second 
regions 12a and 12b, and also takes advantage of the multiple 
interference effect in film obtained with the Si layer 
effectively, resulting in an attainment of the conditions under 

30 which the phase difference and the reflectance ratio satisfy 
the reference values. 
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Further, in the structure 3, the reflectance is 0.195 
with respect to the first region 12a and 0.200 with respect 
to the second region 12b, in which case, the reflectance ratio 
therebetween results in 2.41 %. Thus, the phase difference 
between the first region 12a and the second region 12b reaches 
185.3° with respect to the TE wave and 185.1° with respect 
to the TM wave. 

The light intensity distribution in the case of the use 
of the Levenson phase shift mask of the above structure 3 is 
supposed to produce a result as shown in FIG. 30, for instance, 
when the optical conditions of NA =0.25 and a = 0 . 70 are applied 
to the case of the exposure of the wafer to the light with 
the 120 nm-thick TaN absorption layer formed as wide as 40 
nm (10 nm in terms of the wafer unit) on the four-fold mask 
of the • structure 3. 

Further, 180° of the phase difference between the first 
region 12a and the second region 12b may be confirmed by 
calculating the phase difference according to the above 
expression (8) using the 320 nm-pitch (the 80 nm-pitch to the 
width of 80 nm in terms of the wafer unit) pattern with the 
TaN absorption layer having the width of 4 0 nm. FIG. 31 shows 
a result of the calculation of the above expression (8) on 
the position right above the mask to the TEy wave, the TMx 
wave and the TMz wave. According to this illustration, both 
the TEy wave and the TMx wave satisfactorily hold the phase 
difference of 180°. On the contrary, the TMz wave shows the 
more outstanding deviation from 180°, in which case, however, 
the contribution toward the transfer is as small as about 0.45%, 
resulting in no effect on the transfer. 

The deposition procedure of the structure 3 obtained 
after the setting of the complex refractive index and the film 
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thickness as described the above is also approximately the 
same as that in the case of the above structure 2 . The procedure 
of the structure 3 is different from that of the structure 
2 in that the process 8 in the former procedure requires the 
deposition of the Si layer and the Ru layer by the sputtering, 
instead of the Mo layer. 

By the way, each of the structures 1 to 3 has the 
difference in the thickness of the formative film between the 
first and the second regions 12a and 12b, resulting in the 
creation of the difference in the level of the formative film 
between the first and the second regions. The constitution 
described the above is also supposed to enable the phase shift 
effect to be obtained as described the above. However, with 
the considerations of the TaN absorption layer formed in the 
boundary between the first and the second regions 12a and 12b, 
it is more preferable that the first and the second regions 
12a and 12b are formed flat without having the difference in 
the level, in view of an easiness in the fabrication. Thus, 
a specific instance of the constitution in which both the first 
and the second regions 12a and 12b are in the flat form is 
now described. 

FIG. 32 is a schematic view showing a sectional structure 
of one flat constitution of the Levenson phase shift mask. 
The illustrated structure (which will be hereinafter referred 
to as "a structure 4") is supposed to be one satisfying the 
criteria 1 and 2 set based on the iso-phase contour line in 
FIG. 15 and the iso-ref lectance contour line in FIG. 4. The 
first region 12a has, on the reflective mask blank with 
multilayered films 11, the formative film in the form of the 
multiple layers in the order of Ru of 3 nm, TaN of 7 nm, Ru 
of 6 nm, Si of 37 nm and Ru of 5 nm. Further, the second region 
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12b has the formative film in the form of the multiple layers 
in the order of Ru of 3 nm, Mo of 47 nm and Ru of 8 nm. 

In the above structure 4, the reason for the use of the 
Si for the composing material of the formative film of the 
first region 12a is to allow the Si to bear the role in the 
adjustment of the phase difference and the reflectance ratio 
by taking advantage of the multiple interference effect in 
film, likewise the case of the structure 3. Thus, the 
constitution satisfying the criteria 1 and 2 may be obtained 
from the iso-phase contour line in FIG. 15 and the 
iso-reflectance contour line in FIG. 4 by taking the procedure 
of extracting the condition for preponderantly narrowing down 
the adjustment to the phase difference without taking the Si 
layer into consideration and of then adjusting the phase 
difference to reach close to 180°, while narrowing down the 
adjustment to the reflectance with the multiple interference 
effect in film of the Si layer. That is, the constitution 
satisfying the criteria 1 and 2 is supposed to be in the form 
of the multiple layers in the order of Ru of 3 nm, TaN of 7 
nm, Ru of 6 nm and Ru of 5 nm on the reflective mask blank 
with multilayered films 11 as for the first region 12a, and 
in the form of the multiple layers in the order of Ru of 3 
nm, Mo of 47 nm and Ru of 8 nm as for the second region 12b. 
The first region 12a in this case has the total film thickness 
of 21 nm, and shows the composite complex refractive index 
whose real part is 0 . 9054 and whose imaginary part is 0 . 03631i . 
The second region 12b has the total film thickness of 58 nm, 
and shows the composite complex refractive index whose real 
part is 0.9147 and whose imaginary part is 0.000904i. 

With reference to the above structure 4, the 
calculation of the difference in the level between the first 
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region 12a and the second region 12b from the iso-phase contour 
line in FIG. 15 results in 40 nm of the above difference in 
the level from the relation between the iso-phase contour lines 
of 90° and 270°, and similarly, 43 nm is derived from the 
relation between the iso-phase contour lines of 180° and 0°. 
Further, according to the iso-transmittance contour line in 
FIG. 4, it may be also appreciated that the reflectance of 
the first region 12a is 0.15 and the reflectance of the second 
region 12b is 0.30. 

As described the above, the above structure 4, although 
being supposed to be the same as the structures 1 and 2 without 
considerations of the Si layer, causes a disagreement in the 
reflectance between the first region 12a and the second region 
12b. To eliminate the above disagreement, the structure 4 
matches the reflectance in the first region 12a and that in 
the second region 12b by inserting the Si layer to take advantage 
of the multiple interference in film effectively. 

Thus, the structure 4 requires that the constitution 
satisfying the criteria 1 and 2 is obtained by appropriately 
varying the film thickness of the TaN layer of the first region 
12a, the film thickness of the Mo layer of the second region 
12b and the film thickness of the Si layer of the first region 
12b. FIG. 33 shows a result obtained from the calculation 
of the phase difference and the reflectance ratio using the 
film thickness of the Mo layer as a parameter, with the film 
thickness of the TaN layer and the film thickness of the Si 
layer fixed. From the illustrated result , it may be confirmed 
that the structure 4 shown in FIG. 32 is supposed to be in 
the form of the constitution satisfying the criteria, provided 
that the difference in the film thickness between the first 
region 12a and the second region 12b reaches 0 nm. The 
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structure 4 employs the Si as the composing material of the 
formative film of the first region 12a, and takes advantage 
of themultiple interference in f ilmof the Si layer effectively, 
resulting in the attainment of the constitution in which the 
phase difference and the reflectance ratio satisfy the 
reference values and both the first region 12a and the second 
region 12b are in the flat form. 

Further, in the structure 4, the reflectance is 0.285 
with respect to the first region 12a and 0.287 with respect 
to the second region 12b, in which case, the reflectance ratio 
therebetween results in 0.65 %. Thus, the phase difference 
between the first region 12a and the second region 12b reaches 
180.8° with respect to the TE wave, and 180.5° with respect 
to the TM wave . 

The light intensity distribution in the case of the use 
of the Levenson phase shift mask of the above structure 4 is 
supposed to produce a result as shown in FIG . 34, for instance, 
when the optical conditions of NA = 0.25 and a of 0.7 0 are 
applied to the case of the exposure of the wafer to the light 
with the 120 nm-thick TaN absorption layer formed as wide as 
40 nm (10 nm in terms of the wafer unit) on the four-fold mask 
of the structure 4. 

Further, 180° of the phase difference between the first 
region 12a and the second region 12b may be confirmed by 
calculating the phase difference according to the above 
expression (8) using the 32 0 nm-pitch pattern (the 80 nm-pitch 
to the width of 10 nm in terms of the wafer unit) pattern with 
the TaN absorption layer having the width of 40 nm. FIG. 35 
shows a result of the calculation of the expression (8) on 
the position right above the mask to the TEy wave, the TMx 
wave and the TMz wave. According to this illustration, both 
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the TEy wave and the TMx wave satisfactorily hold the phase 
difference of 180°. On the contrary, the TMz wave shows the 
more outstanding deviation from 180°, in which case, however, 
the contribution toward the transfer is as small as about 0.45%, 
resulting in no effect on the transfer. 

The deposition procedure of the structure 4 obtained 
after the setting of the complex refractive index and the film 
thickness as described the above may take, between the 
processes 5 and 6, a process of removing the Ru layer from 
the second region 12b portion by the dry etching with the Cl 2 
+ 0 2 gas, likewise the case of the structure 2, and also requires 
processes as shown in FIGS. 36 and 37 between the processes 
13 and 14, in addition to the processes in the case of the 
above structure 1 (See FIGS. 20 to 23). 

That is, as shown in FIG. 36, the deposition of the Ru 
layer in the process 13 is followed by the deposition of the 
Si layer by the sputtering (a process 13-1) , and the coating 
of the resist further follows (a process 13-2) . Then, the 
removal of the resist from the second region 12b portion is 
performed by way of the patterning and the resist development 
(a process 13-3) . 

Thereafter, as shown in FIG. 37, the Si film is removed 
from the second region 12b portion by the dry etching with 
the Ar + Cl 2 gas (a process 13-4) . The Ru layer beneath the 
etched Si layer is supposed to function as the etching stopper 
layer. Then, the separation of the resist (a process 13-5) 
and the deposition of the Ru layer by the sputtering ( a process 
13-6) are followed by the deposition of the TaN absorption 
layer by the sputtering (a process 14), and, thereafter, the 
processes similar to those in the case of the structure 1 follow. 
The above depositionprocedure enables the Levenson phase shift 
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mask of the structure 4 to be constituted. 

As described the above, with reference to the structure 
4, the constitution satisfying the criteria 1 and 2 and having 
the first and the second regions 12a and 12b in the flat form 
5 is specified by appropriately varying the film thickness of 
the TaN layer of the first region 12a, the film thickness of 
the Mo layer of the second region 12b and the film thickness 
of the Si layer of the first region 12, However, the above 
constitution may be also obtained in the following structure. 
10 FIG . 38 is a schematic view showing a sectional structure 

of a different flat constitution of the Levenson phase shift 
mask. The illustrated structure (which will be hereinafter 
referred to as "a structure 5") is also obtained as the result 
of the calculation of the phase difference and the reflectance 
15 ratio using the film thickness of the Mo layer as the parameter, 
with the film thickness of the TaN layer and the film thickness 
of the Si layer fixed. FIG. 39 shows a result of the calculation 
of the phase difference and the reflectance ratio with the 
film thickness of the Mo layer as the parameter, with the film 
20 thickness of the TaN layer and the film thickness of the Si 
layer fixed . From the illustrated result, it may be confirmed 
that the structure 5 is also supposed to be in the form of 
the constitution satisfying the criteria, provided that the 
difference in the film thickness between the first region 12a 
25 and the second region 12b reaches 0 nm. In the structure 5, 
the reflectance is 0.288 with respect to the first region 12a, 
and 0.287 with respect to the second region 12b, in which case 
the reflectance ratio therebetween results in 0 . 36 % . Further, 
the phase difference between the first region 12a and the second 
30 region 12b reaches 181 . 4° with respect to the TE wave and 181 . 1° 
with respect to the TM wave. 
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The light intensity distribution in the case of the use 
of the Levenson phase shift mask of the structure 5 is supposed 
to produce a result as shown in FIG. 40, for instance, when 
the optical conditions of NA = 0.25 and a = 0.70 are applied 
to the case of the exposure of the wafer to the light with 
the 120 nm-thick TaN absorption layer formed as wide as 40 
nm (10 nm in terms of the wafer unit) on the four-fold mask 
of the structure 5. 

Further, 180° of the phase difference between the first 
region 12a and the second region 12b may be confirmed by 
calculating the phase difference according to the above 
expression (8) using the 320 nm-pitch (the 80 nm-pitch to the 
width of 10 nm in terms of the wafer unit) pattern with the 
TaN absorption layer having the width of 40 nm. FIG. 41 shows 
a result of the calculation of the expression (8) on the position 
right above the mask to the TEy wave, the TMx wave and the 
TMz wave. According to this illustration, both the TEy wave 
and the TMx wave satisfactorily hold the phase difference of 
180°. On the contrary, the TMz wave shows the more outstanding 
deviation from 180°, in which case, however, the contribution 
toward the transfer is as small as about 0.45 %, resulting 
in no effect on the transfer. 

The deposition procedure of the above structure 5 is 
the same as that in the case of the above structure 4. 

FIG. 42 is a schematic view showing a sectional structure 
of a further different flat constitution of the Levenson phase 
shift mask. The illustrated structure (which will be 
hereinafter referred to as "a structure 6") is also obtained 
as the result of the calculation of the phase difference and 
the reflectance ratio using the film thickness of the Mo layer 
as the parameter, with the film thickness of the TaN layer 
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and the film thickness of the Mo layer fixed. FIG. 43 shows 
a result of the calculation of the phase difference and the 
reflectance ratio using the film thickness of the Mo layer 
as the parameter, with the film thickness of the TaN layer 
and the film thickness of the Si layer fixed. From the 
illustrated result, it may be confirmed that the structure 
6 is supposed to be in the form of the constitution satisfying 
the criteria, provided that the difference in the film 
thickness between the first region 12a and the second region 
12b reaches 0 run. In the structure 6, the reflectance is 0 .300 
with respect to the first region 12a and 0.287 with respect 
to the second region 12b, in which case, the reflectance ratio 
therebetween results in 0 . 90 % . Further, the phase difference 
between the first region 12a and the second region 12b reaches 
180.6° with respect to the TE wave and 180.3° with respect 
to the TM wave. 

The light intensity distribution in the case of the use 
of the Levenson phase shift mask of the structure 6 is supposed 
to produce a result as shown in FIG. 44, for instance, when 
the optical conditions of NA = 0.25 and a =0.70 are applied 
to the case of the exposure of the wafer to the light with 
the 120 nm-thick TaN absorption layer formed as wide as 40 
nm (10 nm in terms of the wafer unit) on the four-fold mask 
of the structure 6. 

Further, 180° of the phase difference between the first 
region 12a and the second region 12b may be confirmed by 
calculating the phase difference according to the above 
expression (8) using the 320 nm-pitch (the 80 nm-pitch to the 
width of 10 nm in terms of the wafer unit) pattern with the 
TaN absorption layer having the width of 40 nm. FIG. 45 shows 
a result of the calculation of the expression (8) on the position 
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right above the mask to the TEy wave, the TMx wave and the 
TMz wave. According to this illustration, both the TEy wave 
and the TMx wave satisfactorily hold the phase difference of 
180°. On the contrary, the TMz wave shows the more outstanding 
deviation from 180°, in which case, however, the contribution 
toward the transfer is as small as about 0.45 %, resulting 
in no effect on the transfer. 

The deposition procedure of the above structure 6 is 
also the same as that in the case of the above structure 4 
or 5 . 

An effect on the above Levenson phase shift mask is now 
described as compared with that of the conventional binary 
mask that takes advantage of no phase shift effect. FIG. 46 
illustrates the light intensity distribution obtained under 
the optical conditions of NA = 0.25 and cr = 0.70 in the case 
of the exposure of the wafer to the light with the 120 nm- thick 
TaN absorption layer formed as wide as of 40 nm, 30 nm, 20 
nm, 10 nm and 0 nm (10 nm, 7,5 nm, 5 nm, 2 . 5 nm and 0 nm in 
terms of the wafer unit) on the four-fold mask of the structure 
5 regarding the Levenson phase shift mask of the structure 
5 . According to this illustration, it may be appreciated that 
a satisfactory pattern contrast is obtained in each of the 
TaN absorption layer widths. 

On the contrary, as for the conventional binary mask, 
FIG. 47 illustrates the light intensity distribution obtained 
under the optical conditions of NA = 0.25 and a = 0.70 in 
the case of the exposure of the wafer to the light with the 
120 nm-thick TaN absorption layer formed as wide as 40 nm, 
30 nm, 20 nm, 10 nm and 0 nm (10 nm, 7.5 nm, 5 nm, 2 . 5 nm and 
0 nm in terms of the wafer unit) on the above binary mask. 
According to this illustration, it may be appreciated that 
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the pattern contrast remarkably decreases with decreasing TaN 
absorption layer width. 

For the above reasons, it may be said that the use of 
the Levenson phase shiftmaskof the above structure may produce 
an outstanding effect of permitting the transfer of a line 
width of a size as small as 15 nm or below on the wafer in 
the case of the TaN absorption layer having the width of 10 
nm (2 , 5 nm in terms of the wafer unit) . Further, the exposure 
under the optical conditions of NA = 0.30, as shown in FIG. 
30, for instance, is supposed to produce the outstanding effect 
of permitting the transfer of the line width of a size as small 
as 10 nm or below on the wafer in the case of the TaN absorption 
layer having the width of 10 nm (2.5 nm in terms of the wafer 
unit) . 

As described the above, the phase shift mask having been 
described in the embodiments (the first and the second 
embodiments) of the present invention requires that the film 
thickness and the complex refractive index of the formative 
films of the first region 12a and the second region 12b are 
set to ensure that the reflected light contained in the extreme 
ultraviolet radiation in the first and the second regions 
creates the prescribed phase difference . More specifically, 
when constituting the phase shift mask, the phase and the 
reflectance of the reflected light based on the arbitrary 
complex refractive index and the arbitrary film thickness are 
firstly specified with reference to the arbitrary complex 
refractive index and the arbitrary film thickness without 
depending on the formative films (the complex refractive index 
in the composing material of the formative films) on the 
reflective mask blank with multilayered films 11, and the 
thickness and the complex refractive index of the formative 
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film in each of the first and the second regions are selected 
based on the specified phase and the specified reflectance 
to ensure that the first region 12a and the second region 12b 
create the phase difference of 180°. 
5 Thus, according to the phase shift mask having been 

described in the embodiments of the present invention, even 
in the case of the reflective mask adapted to the extreme 
ultraviolet radiation, it becomes realizable to constitute 
the phase shift mask used for the resolution enhanced 

10 technology. That is, the use of the phase shift mask fabrication 
method having been described in the embodiments of the present 
invention enables the extreme ultraviolet phase shift mask 
to be constituted. 

While the embodiments of the present invention have 

15 been describedby taking the case where the extreme ultraviolet 
radiation is used as the exposure light, it is to be understood 
that the exposure light is not limited to the extreme 
ultraviolet light, and may be X-rays, radioactive rays, 
ultraviolet rays or a visible light . With the exposure lights 

20 described the above, it also becomes realizable to constitute 
the phase shift mask used for the resolution enhanced 
technology for the reflective mask. That is, the use of the 
phase shift mask fabrication method having been described in 
the embodiments of the present invention enables the extreme 

25 ultraviolet phase shift mask to be constituted. 

Furthermore, according to the phase shift mask having 
been described in the embodiments of the present invention, 
the use of not only the extreme ultraviolet radiation but also 
the resolution enhanced technology remarkably increases the 

30 pattern contrast on the wafer, resulting in the attainment 
of the resolution that has failed to be obtained with the 
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conventional binary mask. That is, the semiconductor 
apparatus, if being fabricated using the phase shift mask 
according to the embodiments of the present invention, may 
obtain more micro-miniaturized hole patterns, space patterns 
5 and line patterns than those obtained with the conventional 
binary mask, resulting in a quite suitable adaptation to the 
pattern minimization. 

Furthermore, according to the phase shift mask having 
been described in the embodiments of the present invention, 

10 the effective utilization of the multiple interference in film 
makes the formative film in the first region 12a approximately 
equal in the film thickness with the formative film in the 
second region 12b, resulting in the attainment of the 
constitution in which the first region 12a and the second region 

15 12b are in the flat form. Thus, even when the Levenson phase 
shift mask requires the TaN absorption layer formed in the 
boundary between the first region 12a and the second region 
12b, for instance, the TaN layer may be formed at a flat portion, 
resulting in an easiness in performing the fabrication and 

20 also ensuring an accuracy in forming the absorption layer. 

Furthermore, according to the phase shift mask having 
been described in the embodiments of the present invention, 
both or either of the formative films of the first and the 
second regions 12a and 12b has the multilayered structure 

25 consisting of the plurality of materials. Thus, the 
formative films that meet the arbitrary complex refractive 
index and the arbitrary film thickness may be obtained even 
by specifying, with reference to the arbitrary complex 
refractive index and the arbitrary film thickness, the phase 

30 and the reflectance of the reflected light based on the 
arbitrary complex refractive index and the arbitrary film 
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thickness. That is, the use of the multilayered structure 
consisting of the plurality of materials enables the desired 
phase shift mask to be constituted. 

As has been described the above, according to the 
5 exposure light phase shift mask and the phase shift mask 
fabrication method according to the present invention, it 
becomes realizable to constitute the phase shift mask for use 
in the resolution enhanced technology by obtaining an 
appropriate combination of the refractive index with the 

10 absorption coefficient, even in the case of the reflective 
mask adapted to the exposure light. Furthermore, according 
to the semiconductor apparatus fabrication method according 
to the present invention, the quite suitable adaptation to 
the pattern minimization is attainable. 

15 in particular, it becomes realizable to constitute the 

phase shift mask for use in the resolution enhanced technology 
for the reflective mask required for the case where the extreme 
ultraviolet radiation is used as the exposure light. That 
is, the use of the phase shift mask fabrication method having 

20 been described in the embodiments of the present invention 
enables the extreme ultraviolet phase shift mask to be 
constituted. 



